Abstract: The present study investigated the effects of dietary calcium (Ca), phosphorus (P), and vitamin D (VD) supplements on growth performance, Ca:P digestion and metabolism, and serum biochemical indexes of growing male mink (Mustela vison) under conditions of a fixed 2:1 ratio of Ca to P. About 135 dark male mink were randomly assigned to nine groups. The experiment was conducted with a 3 × 3 (Ca:P × VD) factorial design using a corn-fish meal-based diet that contained 2.3% Ca, 1.15% P, and 2100 IU kg −1 VD. The supplementary Ca and P levels were 0%:0%, 0.4%:0.2%, and 0.8%:0.4% of the diets, respectively, whereas supplementary VD levels were 0, 2000, and 4000 IU kg −1 . The Ca and P dosage had a significant effect on growth performance of the mink (P < 0.05). The appropriate VD level, which was 4100 IU kg −1 , significantly improved protein utilization and Ca and P digestibility of growing mink (P < 0.05). In addition, excreta pollution to the environment was also significantly reduced (P < 0.05). In conclusion, Ca:P (3.1%:1.55%) and VD (4100 IU kg −1 ) had an important effect on growth performance and protein utilization in growing mink and could reduce environmental pollution by improving protein and P utilization.
Introduction
Ingestion of vitamin D (VD), calcium (Ca), and phosphorus (P) is essential to improve the performance and fur quality of mink (Mustela vison) given their role in metabolism and growth of mink bones. VD has a critical regulatory role in Ca and P absorption. Ca and P are indispensable for maintaining normal bone metabolism. Appropriate doses of dietary VD, Ca, and P are needed, and excessive or insufficient ingestion results in corresponding clinical signs.
A study by Bassett et al. (1951) indicated that the mink requirement for VD is <820 IU kg −1 dry matter (DM).
Furthermore, the experimental data showed significant skeletal healing with a VD supplementation program of 40 IU mink −1 d −1 . Field observations of Leoschke and Elvehjem (1959) suggested that 400 IU kg −1 mink DM was adequate to prevent rickets in mink. Hillemann (1978) observed that mink fed levels of 10 000, 25 000, and 40 000 IU VD kg −1 of DM from July to pelting did not show any significant differences in pelt characteristics. A study by Helgebostad and Nordstoga (1978) indicated no toxic effects of VD at a level of 5000 IU kg −1 DM. Hypervitaminosis can occur in 2 or 3 wk when the daily dose in the food is 10 000 IU kg −1 body weight or exceeds (Perel'dik et al. 1972) . The Ca and phosphate requirements of mink were first reported in 1951. The Ca requirement of mink is approximately 0.3% of the diet when the diet contains 820 IU VD kg −1 , and the Ca to P ratio is in the range of 0.75-1.7 (Bassett et al. 1951) . Subsequent research on mink recommended 0.4%-1.0% Ca under the same conditions (Rimeslatten 1959) . Dietary Ca content varies widely in many studies of mink nutrition, ranging from 2.30% to 3.91% (Mertin et al. 1995 (Mertin et al. , 2000 . However, mineral imbalances are another factor that mink nutritionists must consider. A Ca to P ratio as low as 0.75:1 and as high as 1.7:1 is satisfactory for mink (Rimeslatten 1959) .
To improve the growth performance and nutrient digestibility of mink during the breeding period, Liu et al. (2016) suggested a dietary P level of 1.4%-1.8% and a Ca to P ratio of 1.5-2.0:1. At present, there have been many studies on VD, Ca, and P in mink, but the experimental data are relatively sparse, and the VD range is relatively large. At the same time, the mink body size has increased. However, the recommendations for diet composition, including VD, Ca, and P in mink feed, have not been revised and are still based on research results for slow-growing mink (Glemhansen 1978; NRC 1982) . Thus, it is necessary to explore the required VD and Ca levels for mink.
Many environmental problems, such as surface water eutrophication and groundwater pollution, emanate from livestock manure (Poulsen 2000; Sørensen et al. 2006; Devendra 2007) . A previous report showed that 25-(OH)-D 3 in swine can reduce environmental pollution by increasing dietary Ca and P absorption while reducing their fecal excretion (Sørensen et al. 2006 ). Therefore, the major objective of this study was to estimate the relative bioavailability of VD, Ca, and P levels for mink. An additional digestibility experiment was conducted to investigate the influence of dietary VD and Ca levels on nutrient utilization of mink, as well as the impact on the environment.
Materials and Methods

Animals, diets, and management
One hundred thirty-five 60-d-old standard dark male mink were randomly assigned to nine groups (n = 15). The animal experiments were approved by the Animal Care Committee of the Institute of Special Economic Animal and Plant Science of the Chinese Academy of Agricultural Sciences. The randomization was based on age and initial body weight. Littermates were assigned to different groups in an effort to minimize genetic influence on reproduction and the variation in response to the dietary treatments. Animals were housed individually in open-sided sheds in mink growing cages (60 cm long × 40 cm wide × 50 cm high). All animals were vaccinated for distemper and canine parvovirus before the study started. Mink had access to feed and water (contained <0.01 mg Ca L −1 by analysis) ad libitum throughout the study. Diets were provided twice daily at 0730 and 1530. The control diet contained 2100 IU kg −1 VD, 2.3% Ca, and a Ca to P ratio of 2:1. A 3 × 3 factorial experiment with three supplemental levels of Ca (0%, 0.4%, or 0.8% DM) and three supplemental levels of VD (0, 2000, or 4000 IU kg −1 DM) was conducted. The Ca to P ratio was 2:1 in all the treatments. The composition and chemical analysis of the basal diet are shown in Tables 1  and 2 , as well as the experimental diets and nutrient information. The basal diet was formulated based on the recommendations of the National Research Council (NRC 1982) and recent research results (Zhang et al. 2012 (Zhang et al. , 2013 , with the exception of VD and Ca ( 
Growth trial
Prior to the study, the mink were fed for a 13 d adaptation period with gradual introduction of the basal diet (without VD and Ca supplementation). The experiment was performed from 13 July 2016 to 11 Sept. 2016. The growth trial lasted for 60 d in a randomized design during which feed intake was recorded daily, and the feed efficiency and the average daily gain (ADG) were calculated. The animals were weighed 15 d after overnight fasting, accurate to 0.001 kg, and mean body weights were used to determine ADG.
Digestion experiment
On day 33 of the growing period, nine animals from each treatment group were selected randomly and housed individually in metabolic crates that allowed separation of urine and feces to determine nutrient digestibility based on the method described by Jørgensen and Hansen (1973) . The digestive experiment lasted for 3 d, and the excretions were collected daily. Feed was sampled for further analysis. Fecal output was collected and weighed, and then 20% of the output was kept for subsequent analysis. The diets and feces were dried at 65°C in a forced air oven to reach a constant weight, air-equilibrated, and then ground to pass through a 1 mm screen and stored for further analysis.
Blood samples
Eight minks were selected randomly from each group in the metabolism cages, and their blood was taken in the morning (before feeding) on the 36th day after the feed trial began. Blood samples were collected in two separate tubes with 10 μL procoagulant substance. Samples were quickly transferred to the laboratory where plasma and serum were obtained by centrifuging the tubes for 15 min at 3500 rev min −1 . Serum was frozen at −20°C for later analysis of total protein (TP), Ca, P, alkaline phosphatase (ALP), parathyroid hormone (PTH), calcitonin (CT), and 1,25-(OH)-D 3 by an automatic biochemistry analyzer (Vita Lab Selectra-E, Holland). Test kits for TP, Ca, P, and ALP were purchased from Nanjing Jiancheng Biochemical Corporation (Nanjing Jiancheng Biochemical, Nanjing, People's Republic of China). Test kits for PTH, CT, and 1,25-(OH)-D 3 were purchased from Huangshi Yanke Biochemical Corporation (Elisa Kit, Hubei, People's Republic of China).
Chemical analysis
The chemical composition of the diets and feces was analyzed by standard methods. DM was determined by drying feed or fecal samples at 105°C to a constant weight. Nitrogen was measured by FOSS Kjeltec 8400; crude protein was calculated as N × 6.25, and fat (AOAC Procedure 7.052) in the feed and feces was measured using the Buchi extraction system B-811 (AOAC 2005). Ca was estimated by a titrimetric method (number 6.011 of AOAC 2005), and P was estimated by a colorimetric method (AOAC 2005 a Contained the following per kilogram of premix: vitamin A 1 000 000 IU, vitamin E 6000 mg, vitamin K 3 160 mg, vitamin B 1 2000 mg, vitamin B 2 1000 mg, vitamin B 6 1000 mg, vitamin B 12 100 mg, niacin 4000 mg, pantothenic acid 2000 mg, folic acid 100 mg, biotin 50 mg, iron 8000 mg, zinc 6000 mg, manganese 1500 mg, copper 1000 mg, iodine 50 mg, selenium 20 mg, and cobalt 30 mg. Note: Ca:P, ratio of calcium to phosphorus. a Metabolic energy was calculated according to Hansen et al. (1991) .
the method of high-performance liquid chromatography (ref. GB/T17818-2010).
Statistical analysis
The apparent digestibility (AD) of nutrients and energy was calculated as follows:
where A is the intake of nutrient from the diet and B is the nutrient in the feces. The apparent retention (AR) of nutrients was calculated as follows:
where A is the intake of nutrient from the diet, B is the nutrient in the feces, and C is the nutrient in the urine. The data were analyzed by Excel2010 and the GLM program in SAS version 9.4 software (SAS Institute Inc., Cary, NC, USA). Two-way analysis of variance was performed using Duncan's method for multiple comparisons, and P < 0.05 was defined as significant.
Results
Growth performance
The effects of dietary Ca and VD levels on ADG in different stages of growing mink are shown in Table 3 .
There were significant differences (P < 0.05) in ADG among the nine groups from days 1 to 15 of the trial; the highest gain was observed in group VII and the lowest in group I. Ca level significantly affected the daily gain (P < 0.05) at this stage, and the 3.1% level resulted in significantly higher gain (P < 0.05) than the other two levels. There was a significant Ca × VD interaction observed in the daily gain of mink (P < 0.05). However, no difference (P > 0.05) was found in ADG during days 16-45, and a Ca × VD interaction was not observed. The highest values in both periods were observed in group VIII. During days 46-60, ADG in group VIII was significantly higher (P < 0.05) than that of the other groups. Both dietary Ca and VD levels had a significant effect on the mink; the 3.1% Ca level resulted in a significantly higher gain (P < 0.05) than the 2.3% Ca level, and the 4100 IU kg −1 VD level had a significantly greater effect (P < 0.05) than the 6100 IU kg −1 VD level. In addition, the ADG tended to increase with dietary Ca supplementation, and it increased first and then decreased with dietary VD supplementation.
Ca digestion and metabolism
The effects of different dietary Ca and VD levels on Ca digestion and metabolism of growing mink are shown in Table 4 . There were significant differences (P < 0.05) among all groups in all indexes. The Ca intake, fecal Ca, and Ca deposition tended to increase with dietary Ca Note: Means within a row not sharing a lowercase letter differ significantly at the P < 0.05 level. SEM, standard error of the mean.
a Data are means of nine observations per treatment. supplementation (P < 0.05). Ca supplementation levels affected urinary Ca content (P < 0.05), whereas VD levels did not (P > 0.05). The Ca digestibility and net Ca utilization did not respond to increasing levels of Ca (P > 0.05). At the 4100 IU kg −1 VD level, Ca deposition, Ca digestibility, and net Ca utilization were the highest (P < 0.05). At the same time, the fecal Ca concentration decreased (P < 0.05) compared with that of other groups with the same Ca intake (P > 0.05). However, a significant Ca × VD interaction was only observed in urine Ca (P < 0.05).
P digestion and metabolism
The effects of different dietary Ca and VD levels on P digestion and metabolism of growing mink are shown in Table 5 . There were significant differences (P < 0.05) among all groups in all indexes. The P intake, fecal P, and P deposition tended to increase with dietary Ca supplementation (P < 0.05). The P digestibility and net P utilization did not respond to increasing levels of Ca (P > 0.05). At the 4100 IU kg −1 VD level, P deposition, P digestibility, and net P utilization peaked (P < 0.05). Meanwhile, the fecal P content was significantly reduced (P < 0.05), although the P intake was the same (P > 0.05) at 4100 IU kg −1 VD level. Urinary P content was affected by the levels of Ca and VD supplementation. There were significant Ca × VD interactions observed in P intake, fecal P, and urine P (P < 0.05).
Serum biochemistry
The effects of different dietary Ca and VD levels on serum biochemistry of growing mink are shown in Table 6 . Serum ALP activities were not affected by Ca or VD addition (P > 0.05). There were significant differences among the concentrations of Ca, P, and TP in all groups (P < 0.05). Ca concentration was not affected by the level of Ca addition or VD addition (P > 0.05), but there was a significant Ca × VD interaction (P < 0.05). The concentration of P at the 3.1% Ca level was significantly higher than that of the 2.3% Ca level (P < 0.05). The concentration of TP at the 4100 IU kg −1 VD level was significantly higher than that of the 6100 IU kg −1 VD level (P < 0.05). There was a significant Ca × VD interaction observed in the Ca, P, and TP concentrations (P < 0.05). Table 7 shows the effects of different dietary Ca and VD supplementation levels on serum Ca-and VD-related metabolic hormones of growing mink. There were significant differences in the concentrations of PTH, CT, and 25-OH-VD among all groups. PTH concentration was significantly higher at the 2100 IU kg −1 VD level (P < 0.05) than those at the other two levels. Ca levels had no significant effect on PTH concentration. The concentration of 25-OH-VD in serum at the 2.3% Ca supplementary level was significantly lower (P < 0.05) than those at the other two levels. In addition, the Note: SEM, standard error of the mean. Means within a row not sharing a lowercase letter differ significantly at the P < 0.05 level.
Serum hormones
concentration of 25-OH-VD in serum at the 4100 IU kg −1 VD level was significantly higher (P < 0.05) than those at the other two levels. A significant Ca × VD interaction was observed for all three hormones (P < 0.05).
Discussion
Growth performance
The results obtained in this experiment suggested that supplementation of Ca, P, and VD above the Note: SEM, standard error of the mean; ALP, alkaline phosphatase; TP, total protein. Means within a row not sharing a lowercase letter differ significantly at the P < 0.05 level. Table 5 . Effects of different dietary calcium (Ca), phosphorus (P), and vitamin D (VD) levels on P digestion and metabolism of growing mink. Note: SEM, standard error of the mean. Means within a row not sharing a lowercase letter differ significantly at the P < 0.05 level.
required levels had beneficial effects on the growth of growing mink. Vitamin D 3 is a fat-soluble vitamin that is necessary for animal growth. It can promote the absorption of Ca and P in animals. The concentrations of VD in diets must be within an acceptable range, or toxic effects will occur. Atencio et al. (2005) showed that VD can increase broiler feed intake and body weight gain and reduce chick mortality, and thus, can increase the growth performance of broilers. Under the conditions of this experiment, the daily gain of mink at different stages increased with the increase in Ca and P, which indicated that high Ca could improve the growth performance of mink during the breeding period. For the requirement of Ca for mink, the results were different under the same conditions in different periods (Bassett et al. 1951; Rimeslatten 1965) . These earlier studies may have reported low Ca requirements of mink due to the small size of the animals involved, and thus they may be too low for mink in the 20th century, which have faster growth rates (Rimeslatten 1965) . In this study, the mink grew faster when the Ca concentration was 3.1%, which may be caused by the mink species or size; this mechanism needs to be studied further. The ADG of mink was increased with VD of 4100 IU kg −1 , but it was reduced at the 6100 IU kg −1 VD level. Thus, we concluded that appropriate VD, Ca, and P levels in the diet can promote daily gain in mink.
Ca and P digestion and metabolism
The Ca to P ratio was stable in this study. The fecal Ca and P contents showed an increased trend with dietary Ca supplementation, which is consistent with Létourneau-Montminy et al. (2010) . This trend was also found in Ca and P deposition. Digestibility will be reduced if the discharge rate of Ca is greater than that of absorption. However, there was no significant difference in Ca and P digestibility, which indicated that the greater the Ca intake, the more Ca can be absorbed by animals in a certain range.
VD is also called as the anti-rickets vitamin. The major function of VD is to promote the absorption of Ca and P in the small intestine, regulate renal reabsorption of Ca, and regulate bone Ca and P deposition and dissolution (Cheng et al. 2005) . Many studies (Coates and Holdsworth 1961; Harrison and Harrison 1961; Jr 1993; Biehl and Baker 1997; Biehl et al. 1998) have shown that adequate dietary VD 3 can improve Ca and P utilization. This is consistent with the results of the present study. A VD level of 4100 IU kg −1 reduced the Ca and P fecal excretion by 6.34% and 14.58%, respectively, compared with 2100 IU kg −1 VD, without taking into account the effects of urine. In addition, the Ca and P digestibility and net utilization were significantly increased.
In conclusion, the results indicated that the doses of Ca, P, and VD had an important effect on protein utilization in growing mink and could reduce environmental pollution by improving protein and P utilization.
Serum biochemistry
ALP is a marker of osteoblast maturation that plays a key role in bone calcification (Howlett et al. 1986; Lomri et al. 1988) . It can promote the mineralization and formation of bone. Serum ALP activity is regarded as an important biochemical indicator of normal bone metabolism. When an animal suffers from rickets, its serum ALP activity is increased due to inhibition of bone mineralization and bone formation. There was no significant difference in the concentration of the serum ALP among the groups, which indicated that the Ca intake of animals was sufficient for the requirements of the body. Serum Ca and P are closely related to the skeletal metabolism of animals, and they can thus reflect the Ca and P metabolism of the bone. Mineral elements in the body are kept stable through regulation of related metabolism, unless they are lacking for a long period or are so poorly absorbed that they are beyond the animal's ability to regulate (Suttle 2010) . That is, only Ca and P metabolism showed abnormal changes, and thus, serum Ca and P concentrations would be increased or decreased abnormally. Serum TP can reflect nutritional status and protein metabolism in the body. In general, when the body's Note: SEM, standard error of the mean; PTH, parathyroid hormone; CT, calcitonin. Means within a row not sharing a lowercase letter differ significantly at the P < 0.05 level.
nutritional status is good, protein synthesis is increased so that serum TP levels increase. In this study, serum TP levels are elevated, possibly due to the increased protein synthesis that occurs with good nutritional status of the body. We can conclude that when the level of VD was 4100 IU kg −1 , the protein metabolism of mink was better.
Serum hormones
PTH can regulate the metabolism of Ca and P in the body by a series of physiological and biochemical reactions in which serum P is reduced and serum Ca is ultimately elevated (Pocotte et al. 1991) . Haussler (1986) showed that PTH can indirectly stimulate the production of 1,25-(OH) 2 -D 3 by activating 1-α hydroxylase in renal tubule cells to regulate Ca concentration. In this study, when the VD supplementary level was the lowest, the PTH concentration was highest. CT reduces serum Ca concentration by binding to receptors on osteoclasts, which has an inhibitory effect on osteoclasts (Chambers and Magnus 1982; Fenton et al. 1993) . In this study, the CT content was significantly different among groups but not based on the supplementary Ca and VD levels. VD is converted to active 1,25-(OH) 2 -D 3 by two hydroxylation steps after entering the blood. The first one occurs in the liver, yielding 25-(OH)-D 3 , and the second occurs in the kidney, resulting in 1,25-(OH) 2 -D 3 . The physiological role of VD is primarily mediated through 1,25-(OH) 2 -D 3 . In this study, when the dietary Ca level was 2.7%-3.1%, and the VD level was 4100 IU kg −1 , Ca and P transport and bone calcification were optimal, with a high VD level in serum. In this study, we found that the interaction between supplementary Ca, P, and VD was significant in urinary Ca, fecal and urinary P, serum Ca, serum P, and Ca-and VD-related metabolic hormones, which further indicated that VD plays its role mainly by regulating the absorption of Ca and P, and by deposition and dissolution of Ca.
Conclusions
The results of this feeding trial demonstrated that dietary Ca, P, and VD addition can improve growth performance. When the dietary vitamin content is appropriate, the growth performance of mink improved, and protein utilization, Ca and P digestibility were increased. In addition, pollution by excreta to the environment was reduced. Under the conditions of this study, the recommended dietary Ca, P level was 3.1%:1.55%, and the VD level was 4100 IU kg −1 for growing mink.
